Photo-modulation voltammetry was applied to detecting the photolysis of tetraphenylborate (TPhB -) at a water/1,2-dichloroethane (DCE) interface by using a He-Cd laser emitting a beam with a major 325-nm line and minor lines of shorter wavelengths. When the interface was irradiated from the water-phase side, a new wave appeared in the photomodulation voltammogram, suggesting that TPhB -was photolyzed and the anionic product was transferred across the interface. The concentration dependence of the photocurrents was successfully explained by a theory based on the photolytic process at the interface.
When a solid electrode is irradiated with light, various effects are expected. One is a thermal effect, which is caused by heat generated through a non-radiative process following optical absorption by the solid electrode. This effect changes the temperature at the electrode/electrolyte interface, and consequently the electrode reaction is promoted or depressed. Because the promotion or depression is dependent on an entropy change, 1,2 one can detect entropy changes of electrode reactions by heating the electrode. In particular, excellent features of a laser beam, such as a good focusing property and a high luminance, are very effective for heating the electrode, and thereby a voltammetric technique using a laser has been developed as laser thermal modulation voltammetry. 3 In addition to the thermal effect, it is expected that laser light efficiently causes various photochemical events at electrode/electrolyte interfaces, particularly ultraviolet laser light. Consequently, the use of an ultraviolet laser has the possibility to provide a new detection scheme with laser modulation voltammetry. On the other hand, voltammetry at a liquid/liquid interface has been developed to study an ion or electron transfer between the liquid phases, and many reactions occurring at the interfaces have been explored. [4] [5] [6] [7] [8] [9] [10] As one attempt of such explorations, several workers have treated liquid/liquid interfaces under irradiation of ultraviolet light in order to investigate the interfacial photochemical reactions. [11] [12] [13] [14] [15] In this work, photo-modulation voltammetry using an ultraviolet laser was applied to investigate the photolysis of a tetraphenylborate anion (TPhB -) at a water/1,2-dichloroethane (DCE) interface in order to prove the possibility of laser photomodulation voltammetry (LPMV) as a new electroanalytical technique.
Experimental
Apparatus Figure 1 shows the experimental arrangement for LPMV. A He-Cd laser (Kimmon IK5451R-E, KR1801C) was used as an excitation light source. In this laser apparatus, only either a 325-nm or 441.6-nm line was available, although the laser could emit many lines in the wavelength range from 220 to 448 nm. 16 However, even though the laser beam for the 325-nm line was selected, there was a possibility that several lines of wavelengths shorter than 325 nm might be included in the beam, because of an imperfection of the monochromatic optics. As described later, TPhB -showed optical absorption at wavelengths shorter than 320 nm. Consequently, it was inferred that the 325-nm line would not be available for the photolysis of TPhB -, but lines other than the 325-nm line would be available. In particular, the 275-and 257.5-nm lines were expected to be effective for the photolysis of TPhB -, although their powers might be much smaller than that of the 325-nm line. Thus, we used the laser beam for the 325-nm line with a total power of 13 mW, which was measured with a laser power meter (OPHIR 30A-P-SH, AN/2). A laser beam of ca. 1 mm in diameter was mechanically chopped at 10 Hz, and an intermittent beam was introduced at a water/DCE interface of ca. 5 mm in diameter from the water phase to the DCE phase containing TPhB -. Potential control and current detection were performed with a four-electrode potentiostat (Hokuto Denko HA1010mM1A), and the potential was swept at 2 mV s -1 with a potential sweep unit (Fuso, Model 1104). The current signals from the potentiostat were amplified with an auto-phase lock-in amplifier (NF, LI-570A) by referring to a signal from the mechanical chopper. The electrochemical system tested was as follows:
Reagent
Tetrapentylammonium tetraphenylborate (TPnATPhB) was synthesized from tetrapenthylammonium bromide (GR, Tokyokasei) and sodium tetraphenylborate (Kalibor, Dojindo), and was recrystallized from acetone. 17 The other reagents used were of analytical grade and used without further purification. All aqueous solutions tested were prepared with deionized water. Figure 2 shows linear sweep voltammograms obtained with (a) and without (b) continuous irradiation. The voltammogram obtained with irradiation showed larger currents in the potential region from 0.05 to 0.36 V, compared to that obtained without irradiation, and a broad wave could be found at around 0.24 V. In order to confirm that the larger currents were caused by irradiation, the current was monitored at a fixed potential of 0.30 V with a digital oscilloscope, while irradiating the interface at 10 Hz. Because a fluctuating component of the current signal, which arose from the intermittent irradiation, was extremely small compared to the direct component, an alternating mode of the oscilloscope had to be employed for monitoring the fluctuating component. This means that the shape of the fluctuating component is significantly transformed from the original shape. However, the current varied regularly with intermittent irradiation, as can be seen in Fig. 3 , which clearly confirms that the larger currents were caused by irradiation. On the other hand, Fig. 3 shows that the photocurrent responded to intermittent irradiation only slowly. The slow response implies that the photocurrent did not arise from photoionization, but the photolysis of molecules or ions, since if the currents were produced through the photo-ionization, they should rapidly respond to intermittent irradiation. From the definition of current, a positive current indicates the ion transfer of a cation from the water phase to the DCE phase, or that of an anion from the DCE to water. Because Mg 2+ in the water phase and TPhB -in the DCE phase are never transferred across the interface in the potential region from 0.05 to 0.36 V, an increase in the current upon irradiation is attributable to an ion transfer of anions from the DCE phase to the water phase. It is reasonable from these facts that the larger currents in the voltammogram (a) in Fig. 2 are ascribed to an ion transfer of anionic species formed from TPhB -through a photolytic process induced by irradiation with the laser. Indeed, long irradiation with the laser changed the color of the DCE phase to yellowish, indicating that TPhB -was photochemically decomposed. 
Results and Discussion

Linear sweep voltammogram and laser photo-modulation voltammogram of TPhB -under irradiation with a He-Cd laser
TPhB
-is photolyzed by irradiation with ultraviolet light at 254 nm, and the final products are assigned to be diphenylborinic acid. 18, 19 Further, Samec et al. have proposed from irradiation experiments at 270 nm with a 150 W xenon arc lamp that the transferring species is a long-lived intermediate, formed during photochemical decomposition. 12 In the present work, unlike the above studies, the irradiation was performed by using a laser beam containing a major line at 325 nm and several minor lines from 220 to 275 nm, as previously mentioned. However, TPhBhas hardly any optical absorption at 325 nm (ε < 1 mol -1 dm 3 cm -1 ) in DCE, as can be seen from the absorption spectra in Fig.  4 . Consequently, it is reasonable that the photocurrents are not caused by the major line, but by the minor lines. The powers of the minor lines are assumed to be very small, although we could not evaluate the powers of the minor lines. If the powers of the minor lines could be increased by using a proper monochromatic optics, much larger photocurrents would be expected. Figure 5 shows LPM voltammograms obtained with (a) and without (b) irradiation. As can be seen in voltammogram (a), a clear wave could be obtained at 0.32 V, in spite of that the corresponding wave was quite unclear in the linear sweep voltammogram (Fig. 2) . Consequently, this LPM voltammogram is one example that proves LPMV to be a useful technique for detecting photolytic products and monitoring photochemical reactions at liquid/liquid interfaces. Further, since many organic compounds, which are soluble only in organic solvents, can be readily photolyzed or photo-ionized with an ultraviolet laser, LPMV has a possibility to provide an analytical technique for neutral organic compounds. Noisy currents in the potential region below 0 V are not caused by irradiation, because such noisy currents were also observed when the interface was not irradiated, as can be seen in voltammogram (b).
These noisy currents are probably concerned with the ion transfer of a cation contained in the DCE phase, i.e., TPnA + .
Dependences of a signal intensity in the LPM voltammogram on the laser power and the concentration of TPhB -
The dependence of the signal intensity of the peak at 0.32 V in the LPM voltammogram on the laser power and the concentration of TPhB -were investigated. While the signal intensity was proportional to the laser power to 13 mW, it was not proportional to the concentration, but its slope slightly decreased with increasing concentration, as can be seen in Fig.  6 . As described above, Samec et al. studied the photolysis of TPhB -at a liquid/liquid interface, and theoretically analyzed the photocurrent under continuous irradiation. 12 In this work, based on a model proposed by them, the concentration dependence was investigated by solving a diffusion equation for the transferring photolytic product under intermittent irradiation. 20 From the model illustrated in Fig. 7 , the diffusion equation is expressed by
Here, c(x,t) is the concentration of the photolytic product, X, in the DCE phase, and A = (1/2)ΦβI0, where Φ denotes the quantum yield for photolysis. The absorption coefficient, β, is equal to 2.303εc*, where ε and c* are the molar absorption coefficient and the concentration of TPhB -, being indicated by S in Fig. 7 . The laser power, I0, is represented in mol s -1 cm -2 , converting the photon number into mol. The diffusion coefficient and the decay constant of the photolytic product are denoted by D and kd, respectively, and ω is the angular modulation frequency. Provided that c(x,t) = cdc(x) + cac(x,t), Eq. (1) can be analytically solved under the following boundary conditions:
Thus, the alternating component of the photocurrent density, Iac, is expressed by
where σ = . Here, z, F, and ktr are the ionic charge, the Faraday constant, and the heterogeneous transfer rate constant, respectively. It is clear that the absolute value of Iac corresponds to a signal intensity obtained from the autophase lock-in amplifier. Based on Eq. (4), the concentration dependence in Fig. 6 was fitted with a theoretical curve, assuming that Φ = 0.22, D = 5 × 10 -6 cm 2 s -1 , kd = 3.5 × 10 -3 s -1 , ktr = 5.0 × 10 -3 cm s -1 , 12 and ω = 62.8 rad s -1 . In addition, z and ε were assumed, respectively, to be unity and the molar absorption coefficient at 257.5 nm, i.e., 4.8 × 10 3 mol -1 dm 3 cm -1 . When I0 was assumed to be 2.21 × 10 -8 mol s -1 cm -2 , the interfacial area was estimated to be 7.85 × 10 -3 cm 2 , and the conversion coefficient from the signal intensity to the current was equal to 2.86 × 10 -2 µA mV -1 , the signal intensity vs. concentration curve was almost fitted with the theoretical curve in the concentration range to 0.20 mol dm -3 , as shown in Fig. 6 . The laser power, I0, was a 0.49%-fraction of the laser power corresponding to 13 mW at 325 nm; the interfacial area was assumed to be the spot area of the laser beam at the interface, and the conversion coefficient was decided by inputting a welldefined sinusoidal wave from a function generator to the autophase lock-in amplifier. The reasonable fit between the observed and theoretical concentration dependence proves that the photolysis of TPhB -can be explained by a theory based on the model in Fig. 7 . Hereafter, the frequency dependence and the shift in phase will be examined to confirm the theory.
In this work, it was proved that ultraviolet laser photomodulation voltammetry at a liquid/liquid interface is a useful technique for detecting ionic species formed through photolytic reactions in an organic phase. A proper choice of the laser wavelength leads not only to photolysis, but also to photoionization available for a sensitive analysis of organic compounds. In addition, the use of a small liquid/liquid
interface of several tens of µm in diameter will also be promising, because a good focusing property of a laser beam can provide an active reaction field with a high photon density at such a small interface. Such attempts are progressing at present.
